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Abstract
The present study examined category learning in relation to inhibitory control
and working memory in children and adults. Results revealed that categorization
performance improved with age. Young children struggled with rule learning,
many older children were successful at rule learning, and most adults had no
difficulty with the task. Model-based analyses suggested that performance
differences were due to young children’s inability to inhibit the salient, but
irrelevant rule. Interestingly, when the analyses focused only on older children
and adults who used the task appropriate strategy, the age-related rule-based
deficit disappeared. Also, results revealed that successful performance on the
categorization task was associated with better inhibitory control for older
children, whereas successful performance on the categorization task was
associated with greater working memory in young children. These findings
suggest that the ability to learn categories varies with age and it may be partially
dependent on inhibitory control and working memory.

Key words: category learning, rules, inhibitory control, working memory,
development
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Introduction
Categorization serves as the basis for the construction of our knowledge
of the world. This fundamental decision-making process allows us to
meaningfully parse the world, and to group like objects together so that they can
later be treated as equivalent. Categories can be learned in many ways, which
include adopting an overall-similarity approach to categorization or by using a
rule-based approach to categorization (Bruner, Goodnow, & Austin, 1956;
Ashby, Alfonso-Reese, Turken, & Waldron, 1998). Individuals have the ability
to spread attention broadly over numerous stimulus dimensions, and to integrate
two or more aspects of a stimulus to categorize objects. This overall-similarity
approach to categorization is often referred to as family-resemblance
categorization because members of a category family share similar features
(Couchman, Coutinho, & Smith, 2010). Individuals also have the ability to focus
attention toward a single stimulus dimension and use a single dimensional rule
to categorize objects. This rule-based approach to categorization is particularly
interesting to study because in many cases, the information needed for making a
classification is encapsulated in a rule. For instance, when categorizing shapes, a
child could apply the rule that shapes with three sides belong in the triangle
category and shapes with four sides belong in the rectangle category.
Category learning involving both natural and artificial categories has
been studied in infants (Quinn, Palmer, & Slater, 1999), children (Hayes, Foster,
& Gadd, 2003; Sloutsky & Fisher, 2004), and adults (Minda & Smith, 2001;
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Murphy, 2002). Artificially constructed categories are particularly useful to
study because the structure of the category can be controlled and it can be
assumed that participants have no prior knowledge about the category items. For
example, consider an artificially constructed rule-based category set which
varies along two dimensions: line orientation and spatial frequency. These
categories could be mastered by using hypothesis testing to identify a
verbalizable rule (e.g., “category 1 items have three or fewer stripes”). Even
though this classification strategy appears simple, it requires sufficient cognitive
resources (i.e., working memory, hypothesis testing, inhibitory control) to search
for, store, and apply a rule, while inhibiting incorrect rules.
When learning rule-based categories, there are several key reasons to
suspect that children and adults will exhibit differences in performance. First,
compared to adults, children have a reduced working memory capacity
(Gathercole, 1999). This finding implies that in situations where category
learning relies on working memory (i.e., maintaining rules that have been tested
in memory), children would not be expected to perform at the same level as
adults. Second, relative to adults, children have a reduced capacity for
hypothesis testing and rule selection (Bunge & Zelazo, 2006; Zelazo, Frye, &
Rapus, 1996). This means that when category learning depends on testing and
selecting rules, adults should outperform children. Lastly, compared to adults,
children have reduced inhibitory control capacities (Dowsett & Livesey, 2000;
Carver, Livesey & Charles, 2001; Dempster, 1992). This implies that when
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category learning involves inhibiting responses to a salient, but incorrect rule,
adults should outperform children.
Rule-based category learning relies on processes thought to be mediated
by the prefrontal cortex, which is a structure that develops later than other areas
(Bunge & Zelazo, 2006). Support for the role of the prefrontal cortex in rulebased learning comes from research investigating patients with lesions of the
prefrontal cortex. Knowlton, Mangels, and Squire (1996) showed that patients
with prefrontal lesions were impaired in rule-based tasks but not in non-rulebased tasks involving overall similarity (Knowlton, Mangels, & Squire, 1996).
Furthermore, verbal working memory and executive functioning develop
substantially during childhood and are related to these physical developments in
the prefrontal cortex (Gathercole, 1999). Since the prefrontal cortex is assumed
to mediate rule-based learning, children should have difficulty relative to adults
when learning these types of categories.

Category Learning in Childhood
To further explore these developmental differences in category learning,
Minda, Desroches, and Church (2008) compared categorization performance in
3, 5, and 8-year-olds, as well as adults. Results revealed that adults
outperformed children on categories that were optimally learned by a complex,
disjunctive rule but that children and adults performed the same on an overallsimilarity based categorization task. However, it was also found that children as
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young as 3 were able to learn simple, single-dimensional rules about as well as
adults. This finding suggests that children were capable of learning these rules
because they were easy to identify and they were directly related to perceptual
experience. Given a more complicated case where a sub-optimal rule is
associated with a salient feature, it is expected that children should follow the
imperfect, salient rule and fail to perform at the same level as adults.
Minda and colleagues (2008) showed that children learned disjunctive,
complex rule-based categories less well than adults. However, the task involved
a category set for which only one strategy was viable. That is, only a disjunctive
rule worked: single-dimensional rules or overall similarity type strategies
produced chance performance on this category set. But, what about a case
involving categories for which both rule-based and overall-similarity strategies
might be available? Minda, Miles, and Rabi (submitted) examined this case by
conducting two experiments wherein participants were given a five-dimensional
category set that could either be learned perfectly by finding a singledimensional rule or it could be learned perfectly by attending to the overall
similarity of the category set. Alternatively, participants could attempt to solve
the task by relying on a suboptimal rule.
In Experiment 1, children completed the categorization task, followed by
a transfer stage where subjects classified new stimuli for which the rule
information conflicted with the family-resemblance information. The transfer
stimuli were used in order to identify the types of strategies children were
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adopting. Results revealed that adults tended to find and use the correct rule,
while children were significantly less likely to classify the stimuli according to
the correct rule. In addition, findings showed that children could find and use the
correct rule when it corresponded to a perceptually salient feature. This suggests
that children can find and use single feature rules when those rules correspond to
dimensions which most capture attention. However, if the rule requires some
degree of testing and inhibition to identify, children will have a difficult time
finding it and rely instead on an imperfect rule and/or overall similarity.
In Experiment 2, Minda and colleagues tested participants on a set of
stimuli with features that were of equal salience. A transfer phase was also
included, as well as a single-feature phase in which subjects indicated in which
category isolated features of a stimulus most often occurred. The single feature
phase was used to determine whether subjects tended to focus on a single
dimensional rule or overall similarity when categorizing. Subjects who focused
on a single feature throughout the task should have difficulty categorizing many
of the other features. However, individuals that used an overall similarity
strategy in which they focused on multiple features should have been able to
categorize more of the features. Findings once again showed that in the transfer
phase, adults tended to make more classifications based on the correct singledimensional rule than did children. With regards to the single feature phase,
adults showed much better performance than children. Adults who were
classified as using an overall similarity strategy performed the best and adults
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who were classified as identifying the correct single-dimensional rule also
performed well on the single feature task. Thus, it appears that adults who
adopted a rule-based strategy were also able to encode category knowledge
regarding the other stimulus features. Overall, both experiments revealed that
children are not as effective as adults at searching for and applying a
categorization rule because they lack the necessary resources to fully engage in
rule-based category learning.
Recent work by Huang-Pollock and colleagues (2011) has also examined
developmental differences in the acquisition of category knowledge. Typically
developing children between the ages of 8 and 13, as well as adults, learned
several different category sets, including some that were rule-based and others
that were based on overall similarity. In the rule-based tasks, adults
outperformed children because children persistently used the irrelevant
dimension to make their category judgments, whereas adults were able to inhibit
that dimension to their benefit. In overall similarity task, adults outperformed
children due to children’s inability to shift from using a rule-based approach to
an overall similarity approach. The fact that children persisted to use the
irrelevant dimension as an imperfect rule implies that children seem to lack the
inhibitory control and working memory ability necessary to engage in the
hypothesis testing needed to find and use the optimal rule.
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Inhibitory Control and Rule-Based Category Learning
To more fully understand category learning in children, it is necessary to
understand the contributing strategies and processes (i.e., inhibitory control and
working memory) that underlie performance. Huang-Pollock and colleagues
(2011) hinted at the role of inhibitory control in rule-based category learning,
but they did not actually measure inhibitory capacities in children. Results from
the study revealed that, on average, accuracy rates were higher for adults than
children on the rule-based categorization task. The reason being that children
used the irrelevant dimension to guide categorization judgments more frequently
than adults. However, a closer look at the individual performance profiles of the
school-aged children might reveal some interesting differences. Even though, on
average, adults outperformed children on the categorization task, individual
learning data might reveal that some children performed quite well and
displayed little to no performance deficit relative to adults. If this is the case, one
might ask: what separates strong rule-based learners from weaker rule-based
learners? If rule-based category learning involves some aspect of cognitive
control, it is possible that an explanation for why some children perform better
than others is because of enhanced inhibitory capacities relative to their peers.
Inhibitory control is a key process involved in executive functioning and
it refers to the ability to suppress inappropriate responses in order to act
appropriately (Nigg, 2000; Carlson, Moses, Hix, 1998). This cognitive process
can further be broken down into two subtypes, which can be measured using
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different tasks. Response suppression refers to the ability to prevent or suppress
an automatic or dominant response (Nigg, 2006). A specific task that has been
used to index response suppression is the Go/No-Go task which requires a child
to press a key (“go”) when a frequent stimulus appears but to make no response
(“no-go”) when an infrequent stimulus appears. Interference control refers to the
ability to filter out competing information that is irrelevant to the task being
performed (Nigg, 2000). The Eriksen flanker task (Eriksen & Schultz, 1979),
Simon task (Simon & Rudell, 1967), and Stroop task (Stroop, 1935) are
common tasks used to measure interference control. In these tasks, the
participant is presented with a stimulus that simultaneously activates two
conflicting response channels; one response is activated by the instructions,
whereas the other response is activated by elements in the array that invite the
alternative, yet incorrect, response. In the Flanker task, participants respond to
the direction of the middle target arrow while ignoring flanking arrows that
point in the opposite or same direction as the target arrow. In the Simon task,
participants give a left-right response to a non-spatial stimulus attribute (i.e.,
colour). Lastly, in the Stroop task, participants must resolve the conflict
involved when the name of a colour (e.g., “blue”, “red”) is printed in a colour
not denoted by the name. As a whole, the cognitive mechanisms involved in
inhibitory control appear to be closely linked with rule-based category tasks,
because successful performance on such tasks requires the ability to inhibit
responding to a salient, but incorrect rule. Given the important role that
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inhibitory control appears to have in category learning, more research is required
to understand the connection between these cognitive processes.
The connection between inhibitory control and rule-based category
learning has been examined in older adults. Maddox, Pacheco, Reeves, Zhu, and
Schnyer (2010) compared the performance of older and younger adults on a
rule-based categorization task. Since frontal and striatal brain regions atrophy
with normal aging (Grieve, Williams, Paul, Clark, & Gordon, 2007; Raz, 2000),
it makes sense that age related declines would be observed in rule-based
category learning. This would be especially true in cases where the
categorization task places high demands on cognitive control mechanisms
(Ridderinkhof, Span, & van der Molen, 2002; Filoteo, Maddox, Ing, et al.,
2005). Results revealed that older adults were less accurate than younger adults
on the categorization task and crucially, older adults were more likely to guess
or switch strategies frequently, often failing to identify the correct rule.
In addition, inhibitory control (measured using the Stroop interference
task and the Wisconsin Card Sort task) was correlated with performance on the
rule-based task. More specifically, participants who performed well on the
categorization task were also those who showed less interference and inhibition
on the Stroop and Wisconsin Card Sort task. Furthermore, it was argued that
inhibitory control tasks tap cognitive processes that are important for shifting
strategies (i.e., shifting from one verbal rule to another). Interestingly, the rulebased deficit disappeared when Maddox et al. (2010) focused exclusively on

10
older and younger adults who performed well on the categorization task.
Therefore, older adults could perform at a similar level to younger adults if they
possessed a sufficient level of inhibitory control needed to solve the rule-based
task. It is possible that a similar relationship might also exist when comparing
rule-based performance in middle-school children to adults. By the middle
school years, children’s inhibitory control capacity and overall executive
functioning have matured quite a bit compared to younger children (Carver,
Livesey, and Charles, 2001). Furthermore, it is plausible that middle-school
children who are able to learn the correct rule and perform at a similar level to
adults on a categorization task, might also display similar levels of inhibitory
control as adult participants.
Additional research on rule-based category learning in normal aging has
examined age-related changes in categorization performance across tasks that
vary in rule complexity (Racine, Barch, Braver, & Noelle, 2006). Findings
showed no performance deficit for older adults when the rule was simple, but
found a large performance deficit when the rule was complex. The reason being
that the demand for inhibitory control increased with rule complexity and this
was associated with an age-related deficit. Racine and colleague’s findings
(2006) converge nicely with Minda et al. (2008) who found that children could
learn a simple, single-dimensional rule, but struggled relative to adults when
learning categories that were optimally learned by a more complex, disjunctive
rule. Although Minda and colleagues (2008) did not test children’s inhibitory
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control capacity, the findings of Racine et al. (2006) shed light on the fact that
difficult, rule-based tasks place a greater demand on inhibitory control. It is
likely that performance of children on the rule-based tasks might mirror that of
older adults on similar types of tasks. Thus, this might be taken to mean that
children with reduced inhibitory control abilities should perform less well on
difficult, rule-based tasks compared to adults. However, in order to draw such
conclusions more research is needed on the topic. For this reason, the current
study will investigate the developmental role of inhibitory control in rule-based
category learning.
It is important to study the status of rule-based categorization and its ties
to inhibitory control in children because it is during childhood that executive
processes such as working memory and inhibitory control are continuing to
develop (Dowsett & Livesey, 2000). According to Zelazo and Frye’s Cognitive
Complexity and Control (CCC) Theory, age-related changes in the control of
behaviour are explained by the acquisition of increasingly complex rule systems
(Zelazo & Frye, 1998). The increase in complexity allows children to use a
higher order rule to decide, for example, which of two incompatible pairs of
rules to use.
One of the tasks that has been used to study children’s ability to reflect
on rules is the card sort task, which places two different pairs of rules in conflict
with one another. Children are shown a set of cards with two dimensions (e.g.,
colour and shape) and are given rules for sorting on one dimension. After a set
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number of trials, children are asked to sort on a different dimension. When
asked to complete the card sort task, young children are able to use the first rule
to sort the cards successfully; however, when asked to switch rules, they
perseverate to the first rules learned (Zelazo, Frye, & Rapus, 1996). The CCC
theory attributes this failure to switch rules to a lack of reflection on rules.
Although young children can consciously represent the relevant rules, they fail
to utilize them because they cannot form a clear, higher order rule. As well,
CCC theory explains that the inability to shift between an incompatible pair of
rules may reflect the immaturity of the neural mechanism responsible for
response inhibition.
Additional support for developmental differences in inhibitory control
comes from research by Carver, Livesey, and Charles (2001). Children ages 5 to
9 were presented with a stop-signal task (i.e., task used to measure the ability to
withhold inappropriate responding to a stimulus) to perform. Findings showed
that the ability to withhold a response improved with age. That is, older children
were more likely to inhibit a response than younger children because their
inhibitory processes act more efficiently. Therefore, developmental constraints
prevent children from properly inhibiting responses on inhibitory control tasks
and it seems as though this constraint should also impact performance on rulebased categorization tasks.
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The Role of Working Memory
In addition to inhibitory control, rule-based category learning also
appears to be influenced by working memory. Lewandowsky (2011) examined
the relationship between working memory and category learning in adults.
Results indicated that working memory capacity mediated performance on rulebased tasks. DeCaro, Thomas, and Beilock (2008), have also shown that
individuals with low working memory capacity are slower at learning rule-based
categories than individuals with high working memory capacity. As well,
neuropsychological research has revealed that working memory and rule
implementation rely on overlapping dorsal lateral prefrontal regions (Stuss &
Knight, 2002). Given the fact that working memory capacity is still developing
throughout childhood, it is likely that children should take longer to learn rulebased categorization tasks in comparison to adults.
Research has also been done examining the link between working
memory and inhibitory control. Espy and Bull (2005) investigated inhibitory
control performance differences in children (ages 3-6) with high and low digit
span scores (i.e., a measure of working memory). Performance on inhibitory
control tasks that require cognitive engagement/disengagement among an
internally represented rule differed between children of high and low working
memory. It appears that children with lower memory spans have difficulty
controlling attention and are less able to inhibit a rule that has been previously
active. This difficulty interferes with the child’s ability to implement a new rule.
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Therefore, it seems as though a link exists between working memory and
inhibitory control, where if an individual is not able to maintain information
over time and/or inhibit responses, that individual may struggle with identifying
the correct rule. In comparison, individuals with efficient inhibition skills should
perform well on rule-based tasks because they are able to keep out irrelevant
information from working memory. Altogether, it appears that to succeed at
rule-based categorization one needs to have sufficient working memory capacity
and inhibitory control.

The Current Study
Although there has been research implicating the role of maturation in
improving executive functioning, there has yet to be research investigating the
direct effect of inhibitory control on categorization performance in children. The
current study was designed to examine differences between children’s and
adults’ category learning abilities and styles and how these differences relate to
inhibitory control. Participants (ages 4-7 years, 8-11 years, and adults) were first
asked to complete a rule-based categorization task, which required them to
identify a single-dimensional rule. In order to correctly classify the stimuli, the
learner must base their response on one dimension while ignoring the other.
However, finding and using the rule requires verbal working memory to state
the rule, hypothesis testing to search for the rule (based on two visually similar
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dimensions) and also inhibitory control to inhibit responding to the salient, but
incorrect rule.
It is assumed that adults have a fully-developed executive functioning
system, and so should be successful at finding and using the correct rule to
classify the stimuli. In contrast, children’s executive functioning abilities are still
developing, and as a result they should be less effective at finding and using the
correct rule and instead allow the irrelevant dimension to guide behaviour.
These predictions are in line with Huang-Pollock et al. (2011) and Minda et al.
(submitted) who both found that children are simply not as effective as adults at
searching for and applying a categorization rule. Children, unlike adults, have
difficulty relying on the executive functioning system because the prefrontal
cortex has not sufficiently developed to allow for its full operation (Bunge &
Zelazo, 2006). Therefore, it was predicted that children can learn a singlefeature rule but they would have difficulty switching to another rule if the one
they initially used was incorrect. With regards to the two different age groups of
children, it was hypothesized that older children (ages 8-11) would perform
better than the younger children (ages 4-7) but would still not be able to perform
at the same level as adults. This is thought to be the case because although 8 to
11 year olds should show improvements in executive functioning (i.e.,
hypothesis testing, inhibitory control, and working memory), it is not until late
in adolescence that the prefrontal cortex fully develops (Bunge & Zelazo, 2006).
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Following the rule-based categorization task, participants completed
three inhibitory control tasks which measured response suppression (i.e., Go/NoGo task) and interference control (i.e., Flanker and Simon task). It was predicted
that inhibitory control would correlate highly with rule-based categorization
performance. These predictions are in line with Maddox et al. (2010) who
showed that inhibitory control was correlated with performance on rule-based
tasks in older adults. This finding suggests that the cognitive processes
associated with inhibition of non-dominant rules, as measured by the inhibitory
control tasks, are relevant to rule-based learning and that these abilities are
predictive of who will ultimately learn to utilize the task appropriate strategy.
Rule-based learning also relies on working memory to test and store
hypotheses and rules, and so working memory capacity will also be measured in
this experiment. Participants were given a digit span task to complete where
they had to repeat a list of numbers in the correct order. Waldron and Ashby
(2001) have shown that working memory plays a large role in rule learning and
is required to learn categories for which the optimal rule is verbalizable. Given
this finding, it was predicted that adults would have a large working memory
capacity and so would rely on verbal working memory to identify the correct
rule in the categorization task. In comparison, children should have a smaller
working memory capacity, and as a result of this should perform less well on the
categorization task. Once again, it was predicted that older children would
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outperform younger children because their working memory abilities are more
developed.

Methods
Participants
Table 1 provides a description of participants. A total of 42 typically
developing 4 to 7-year-olds were recruited through local schools and child care
centres. As well, 57 typically developing 8 to 11-year-olds were recruited from
local schools. Children provided verbal assent and parents also provided written
consent prior to participation. Children were given stickers for participating in
the study. Fifty-six college-attending adults were recruited from the Department
of Psychology research pool at the University of Western Ontario or through a
paid advertisement. Adult were given course credit or $10 for their participation
in the study1.
Materials & Measures
Categorization Task. In the rule-based categorization task, participants
classified sine-wave gratings that varied in spatial frequency and orientation.
Figure 1 demonstrates a rule-based category where the vertical line separating
Category 1 and Category 2, known as the decision bound, represents the strategy
____________
1

Categorization performance did not differ between participants who received course credit
and those who were paid.
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Table 1: Description of Participants
_____________________________________________________
Category Structure

Gender
Males: Females

Age (years)
Mean (SD)

___________________________________________________________________________________________

Young Children
27:15
6.10 (.68)
Old Children
35:22
9.48 (.88)
Adults
7:29
19.16 (1.64)
_____________________________________________________
Note. Standard deviations are in parentheses. The group of young children included 1
four-year-old child, 17 five-year-old children, 19 six-year-old children, and 5 sevenyear-old children. The group of older children included 20 eight-year-old children, 18
nine-year-old children, 16 ten-year-old children and 3 eleven-year-old children.

Figure 1. Category structure for a rule-based category. Each light circle
represents a stimulus from Category 1 and each dark circle represents a stimulus
from Category 2.
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that maximizes categorization accuracy (Ashby & Gott, 1988). Points falling to
the left of the decision bound are members of Category 1 and points to the right
are members of Category 2. In order to correctly classify the stimuli in Figure 1,
the learner must base responding on the frequency dimension while ignoring the
more salient orientation dimension. The optimal verbal rule could be phrased as:
“Crystal balls with few lines go in Category 1, crystal balls with many lines go
in Category 2”. Subjects completed a total of 80 trials.
Eighty stimuli were generated (Ashby & Gott, 1988; Zeithamova &
Maddox, 2006), with 40 in Category 1 and 40 in Category 2. The distribution of
each category was specified by a mean and variance for frequency and
orientation, and covariance between them. For each category, 40 values were
randomly sampled from a multivariate normal distribution described by the
parameters for that category (Table 2).
The PsychoPy package (Pierce, 2007) was used to generate a sine wave
grating (a Gabor patch) corresponding to each coordinate sampled from the
distribution above. The sine wave grating frequency was calculated as f = .25 +
(χf / 50) and orientation was calculated as o = χo x (π/ 500). Two solid bars were
added to the bottom of each stimulus, so that that stimulus resembled a “crystal
ball” which would then be classified as belonging to a certain wizard (category).
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Table 2: Distribution Parameters for the Rule-Based Category Set
___________________________________________________________
Category Structure

µf

µo

σ2f

σ2o

cov f, o

_____________________________________________________________________________________________________

Rule-Based
Category 1
270 125
75
5000
0
Category 2
330
125
75
5000
0
___________________________________________________________

Working Memory Tasks
Forward Digit Span.

Participants heard a recording of a two-digit

number sequence at a rate of approximately one digit per second, and the
participant was asked to repeat the sequence back to the experimenter in the
same order. The task began with four practice trials in which the participant
responded and received feedback. Children heard three sequences at each
sequence length and as long as they repeated at least one of them correctly they
continued on to the next sequence length, for a maximum length of ten digits.
The task was over once the participant was unable to repeat any of the sequences
at a given length. No feedback was given throughout the task. The forward digit
span score was calculated as the total number of correct responses given.

Backward Digit Span. The procedure for the backward digit span was
the same as that for the forward digit span except that the participant was
required to recall the digits in reverse order so that the last number was said first

21
and the first number was said last, for a maximum of eight digits. The task was
scored as the total number of correct responses.

Inhibitory Control Tasks
Flanker Task. A version of the Flanker task adapted from Botvinick,
Nystrom, Fissel, Carter, and Cohen (1999) was used to measure interference
control (i.e., a subtype of inhibitory control associated with the ability to filter
out competing information). In this task, a set of five arrows were presented in a
row on the computer screen and participants were asked to indicate the direction
of the central arrow (target) that was pointing to the left or the right with a
speeded keypress response (see Figure 2). Participants rested their index finger
of each hand gently on each of the two keys. These keys were labeled with
stickers displaying a picture of a left arrow and a right arrow to make it easy to
explain the rules. The target was flanked by two identical arrows on either side
(distractors) that were either pointing in the same direction (i.e., a congruent
trial) or the opposite direction of the target arrow (i.e., an incongruent trial). On
incongruent trials, the irrelevant, distracting information from the flanking
arrows must be filtered out, a process thought to require inhibitory control
(Botvinick et al., 1999). Neutral trials were also included where arrows
surrounding the target arrow were replaced by squares. The task consisted of 60
trials (20 congruent, 20 incongruent, and 20 neutral) presented in randomized
order. Each stimulus was presented for 4000 ms with an interstimulus interval of
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Figure 2. Three types of trials in the Flanker task.

1000 ms. Prior to the experiment participants received five practice trials that
were not analyzed. The task lasted approximately five minutes.

Go/No-Go Task. The second inhibitory task presented was the Go/NoGo paradigm, used to measure response suppression (i.e., a subtype of inhibitory
control associated with the ability to inhibit a prepotent response) (Berlin &
Bohlin, 2002; Lindqvist & Thorell, 2009). The participant was presented with
four different stimuli: a red square, a blue square, a red circle, and a blue circle.
In the first block, the individual was instructed to press a button every time a
square appeared on the computer screen, irrespective of its colour (i.e., go trial),
but to make no response when a circle appeared (i.e., no-go trial) (See Figure 3).
In the second block, the individual was instructed to press a button every time a
blue figure appeared on the computer screen, but to make no response when a
red figure appeared. A total of 60 stimuli were presented with 30 stimuli
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Figure 3. Go No-Go task sample trial set.

presented per block and the blocks were counterbalanced. The first block was
used to develop a response habit (prepotent response) to the first rule. The
second block examined the ability to respond as quickly as possible using a new
rule while withholding a response to trials which satisfied the first rule, the
previously learned behavior. Each figure was presented for 800 ms with an
interstimulus interval of 2000 ms. Thirty percent of the trials were no-go trials
(i.e., 18/60 trials). The task lasted approximately five minutes. This task was
scored according to the number of commission errors (i.e., incorrectly
responding to a no-go trial). Omission errors were not measured because they
are thought to be fundamentally different in nature from commission errors, and
are not considered to be an indicator of inhibitory control (Drew, 1975). In the
Go/No-Go task, omission errors tap into attention/concentration factors rather
than inhibition capacity.
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Simon Task/Spatial Conflict Task. The third inhibitory task presented to
participants was the Simon task which measures interference control (Simon &
Rudell, 1967). Participants placed their index finger of each hand gently on each
of the left and right shift keys (see Figure 4). These keys were labeled with
white stickers displaying a red circle for the left shift key and a blue circle for
the right shift key to make it easy to explain the rules. The experiment was built
and run using the Psychology Experiment Building Language (PEBL) software
(Mueller, 2010). Participants were first presented with a fixation cross in the
center of the screen that remained visible for 400 ms. Immediately after the
cross had disappeared a red or blue circle appeared at one of seven possible
locations on the screen: far left, left, left-centered, the center, right-centered,
right, or far right. Participants were instructed to press the left key in response to
the red circle and the right key in response to a blue circle as fast as possible,
regardless of stimulus location. The timing began with the onset of the stimulus,
and the response terminated the stimulus. Participants received a total of 70
trials (35 red stimuli and 35 blue stimuli) in random order. Ten stimuli appeared
in each of the seven possible stimulus locations, so there were 30 congruent
trials, 30 incongruent trials, and 10 neutral trials (the stimulus appeared in the
center of the screen). The trials on which the stimulus location was on the same
side as the required response were the congruent trials and the trials on which
the stimulus location was on the opposite side of the required response were the
incongruent trials. Prior to the experiment participants received five practice
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Figure 4. Sample congruent and incongruent trial from the Simon task (van den
Wildenberg, Wylie, Forstmann, Burle, Hasbroucq, & Ridderinkhof, 2010).

trials that were not analyzed. Similar to the Flanker task, the amount of
interference displayed by an individual was determined by their difference score
(i.e., mean reaction time on congruent trials was subtracted from the mean
reaction time on incongruent trials for correct trials only). The Simon task lasted
approximately five minutes.

Procedure

Session 1: Category Learning & Working Memory Tasks. Children were tested
individually in a room near their classroom. The child and the experimenter
were seated at a table in front of a 13-inch Apple MacBook computer. During
the first testing session, children were told that they would be playing a game in
which they would see pictures of crystal balls on the computer screen and that
some of the crystal balls belonged to a blue wizard and some belonged to a
green wizard. Their job was to figure out which crystal balls belonged to the
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blue wizard and which belonged to the green wizard by clicking on the correct
wizard on the screen (See Figure 5). On each trial, a picture of a crystal ball
appeared in the middle of the screen and pictures of two “category labels” (blue
or green wizard) were shown in the top left and right corners of the screen. The
crystal ball remained on the screen throughout the entire trial until a response
was made. The correct category label was circled after each response regardless
of whether the response was correct or incorrect. As well, a row of ten small
white progress circles were shown along the top of the screen. Each time a trial
was completed, a checkmark or X appeared in a circle at the top of the screen,
depending on whether the child made a correct or incorrect response. After ten
trials, when all the circles were filled, the circles all became white and a new set
of ten trials began. These circles acted as a tool for subjects to keep track of their
progress throughout the experiment. Correct responses were indicated with a
bell sound and a green check mark displayed in the center of the screen for three
seconds and incorrect responses were indicated with a red X for three seconds
and a buzz sound.
Following the rule-based categorization task, children received a short
break, after which they were administered the digit span task. Each child’s
working memory was measured using forward and backward digit span. For the
forward digit span task, children would hear a recording of a number sequence
and repeat the sequence back to the experimenter. The procedure was exactly
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Figure 5. A sample trial from the rule-based categorization task.

the same for the backwards digit span, except that participants were now
instructed to repeat the sequence back in reverse order. The first testing session
lasted approximately half an hour.

Session 2: Inhibitory Control Tasks. Approximately 1-2 weeks after the
categorization task and digit span tasks, each child’s inhibitory control abilities
were measured during a second testing session using three different computer
tasks. First, participants completed the Flanker task on a 13 inch Apple
MacBook computer. They were told that they would see an array of five arrows
on the screen and their task was to press the arrow key on the keyboard that
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corresponded to center arrow in the array as quickly as possible. The center
arrow was sometimes flanked by identical surrounding arrows (congruent trials),
opposite surrounding arrows (incongruent trials), or squares (neutral trials).
Response time and accuracy was measured.
The second task individuals completed was the Go-No/Go task.
Participants were told that they would see a red circle, red square, blue circle, or
blue square on the screen and their task was to press a button as quickly as they
could every time a trial satisfied the rule given to them at the start of the task
(e.g., press the button every time you see a square but not a circle). After 30
trials, a new instruction screen appeared describing a new rule to follow (e.g.,
“Now, press the button every time a blue shape appears but do not press the
button when a red shape appears”). The instructions were read aloud to all
children. Number of commission errors (making a response on a no-go trial) was
measured.
The last inhibition task administered to individuals was the Simon task,
which consisted of 70 trials. Participants were told that they would see a red
circle or blue circle somewhere along the midline of the screen and their task
was to press the “red circle key” every time they saw a red circle and the “blue
circle key” every time they saw a blue circle as fast as they could. On half of the
trials the stimulus location was on the same side as the required response
(congruent trials) and on the other half of trials the stimulus location was on the
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opposite side of the required response (incongruent trials). Response time and
accuracy was measured.
The three inhibitory control tasks were always administered in the same
order to all of the participants. The second testing session lasted approximately
20 minutes and children were given short breaks between inhibition tasks.
Adults were tested individually using the same basic procedure as
children except that adults were tested in a lab setting, whereas children were
tested in a school setting (i.e., in an empty classroom). Adults completed each
testing session on separate days, approximately 3-7 days apart. As well, adults
read the instructions for each task on their own.

Results
Categorization Performance – Individual Data. Of the participants who
completed the categorization task, three adults were excluded from the analysis
(two adults displayed fast reaction times indicating that they were not actively
trying to solve the task and one adult responded Category 1 to all trials). In order
to demonstrate the range of performances that participants showed, individual
learning data was examined. For each participant, categorization performance
was determined for each set of 20 trials. Figure 6 illustrates individual learning
curves for participants in each age group. First considering young children,
categorization performance was uniformly quite low across trials (between 40-
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Figure 6. Individual learning curves, by age group. Each curve represents a
single participant’s performance.

60%), with the exception of a few young children who were able to identify the
correct rule and solve the task. This result suggests that as a group, young
children struggled with rule learning. In contrast, the categorization performance
of the older children was much more variable. Performance was composed of a
group of older children who appeared to have learned the categorization rule
quickly (similar to adults), a group who showed delayed learning, and a group
who showed no learning across the entire experiment. The majority of adults
appeared to have learned the categorization rule quickly, with the exception of a
handful of adults who showed no learning throughout the task.
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Categorization Performance – Averaged Data. The learning rate of the
rule-based categories was examined in the three groups of participants. For each
group of children and adults, the average proportion correct for each block of 20
trials was calculated. The resulting learning curves are shown in Figure 7 and
these data suggest that at the start, all age groups were performing at a similar
level, but with practice adults and older children were clearly outperforming
younger children. A 3 (age) x 4 (block) mixed ANOVA revealed a main effect
for block, F (3, 44) = 34.34, p < .001, illustrating that learning occurred between
the first and fourth blocks. As well, a main effect was also found for age, F (2,
149) = 32.58, p < .001, indicating that adults (M = .76, SD = .14) generally
categorized better than younger children (M = .54, SD = .09) and older children
(M = .68, SD = .16).
Of particular interest, an interaction was found between age and block, F
(6,447) = 8.87, p = < .001, indicating that across the four blocks a difference
emerged between the performance of young children, older children, and adults.
Most notably, young children showed little evidence of learning, performing at
just above chance across all trials. In contrast, with practice, older children and
adults showed evidence of category learning. A Tukey’s HSD test was
conducted to further examine this interaction and revealed that adults (M = .87,
SD = .17) significantly outperformed younger children (M = .53, SD = .15), q =
13.75, p = < .001, during the last session block. In addition, older children (M
=.79, SD = .20) outperformed younger children, q = 10.58, p = < .001, by the
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Figure 7. Category learning performance for children and adults across 80
trials. Error bars denote standard error of the mean.

last block. Interestingly, there was no significant difference between final block
performance in older children and adults, q = 3.16, p = .066, indicating that
given enough practice, older children can perform at the same level as adults.

High-Performing Rule Learners. The variation in the performance
profiles of the older children warrants further investigation. Even though as a
whole, adults average categorization performance was higher than older
children, the individual learning curve data presented in Figure 6 highlights the
fact that some older children can perform at the same level as adults. To further
explore this finding, the average categorization performance of older children
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and adults who performed within the top 20% (n = 12) of their age group was
compared. Figure 8 illustrates that for the first 40 trials, older children were
performing at a similar level to adults, and both groups appeared to have learned
the rule quickly. Interestingly, for the last 40 trials the categorization
performance of older children and adults was nearly identical. A 2(age) x
4(block) mixed ANOVA revealed a main effect of block, F (3, 66) = 34.56, p <
.001, indicating that learning occurred across trials, but no main effect of age, F
(1,22) = 2.35, p = .14, and no interaction, F (3, 66) = 2.18, p = .10. This shows
that across the four blocks there was no significant difference in categorization
performance between top child category rule learners and top adult category
learners.

The Relationship Between Age & Category Learning.

Correlational

analysis was conducted to determine whether a relationship exists between age
in months and average categorization performance within each age group.
Results revealed that within the group of younger children, age was positively
correlated with overall categorization performance, r (40) = .42, p =.003. In
contrast, there was no correlation between age and average categorization in
older children, r (55) = .09, p = .25, and adults r (51) = - .11, p = .21, indicating
that some other factor(s) are responsible for variation in categorization
performance.
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Figure 8. Category learning performance of older children and adults who
performed within the top 20% of their age group (n = 12 older children; n = 12
adults). Error bars denote standard error of the mean.

Model-Based Analysis. For insight into the response strategies used by
children and adults, decision bound models were fit to each participant’s data
(see Maddox & Ashby, 1993 for a detailed description of these models).
Different models make different assumptions about the type of strategy that the
participant is using. The models can be used to determine whether each
participant is using the task appropriate strategy (i.e., basing responses on the
frequency dimension) or a sub-optimal strategy to solve the task (i.e., basing
responses on the orientation dimension, when frequency is the correct rule).
Two different rule-based models were fit to each participant’s responses across
all 80 trials. The first is the unidimensional frequency model, which assumes a
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unidimensional rule along the frequency dimension while ignoring the
orientation dimension (an optimal version with a fixed intercept was used). The
second

is

the

unidimensional

orientation

model,

which

assumes

a

unidimensional rule along the orientation dimension while ignoring the
frequency dimension (a version with the intercept as a free parameter was used).
Both of these models were fit to each participant’s data by maximizing the log
likelihood (Wickens, 1982). Model comparisons were based on the AIC (Akaike
information criterion) statistic that penalized a model for each additional free
parameter with AIC = (2 x n) + (2L), where n equals the number of parameters
and L is the maximum likelihood estimated of the data given the model (Akaike,
1974).
The proportion of children and adults best fit by each model is shown in
Figure 9. Among the group of younger children, 64.29% were best fit by the
optimal frequency model. In comparison, the optimal frequency model best fit
91.23% of older children and 94.34% of adults. Model-based analyses suggest
that the reason why younger children performed more poorly is because they
tended to base their judgments along the irrelevant dimension (i.e., line
orientation) more often than older children and adults. This finding was
confirmed by numerous self-reports from young children indicating that they
were using a strategy based on orientation. To further investigate strategy use
among different age groups, average AIC values for children and adults best fit
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Figure 9. Proportion of participants who were fit by the optimal frequency
model.

by either the frequency model or orientation model were examined (lower AIC
values indicate a better fit). Table 3 illustrates that adults were best fit by the
frequency model (AIC = 77.93), while younger children displayed the poorest fit
to the frequency model (AIC = 109.12), and older children fell somewhere in
between (AIC = 89.78). The fact that younger children had the poorest fit to the
frequency model indicates that instead of using frequency as their rule to solve
the categorization task, some of the children best fit by the frequency model may
have actually been using some other type of strategy (i.e., guessing or a mixture
of frequency and orientation rule-use).
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Table 3: Average AIC values for participants best fit by either the frequency
model or the orientation model.
________________________________________________________________
Best Fit
Children (ages 4-7)
Children (ages 8-11)
Adults
______________________________________________________________________________________________________________

Frequency Model

109.12

89.78

77.93

Orientation Model
109.21
110.56
101.14
________________________________________________________________
Note. The lower the AIC value, the better the fit.

Inhibitory Control. Correlations between inhibition capacity measures
and average categorization performance were computed to establish whether a
relationship exists between inhibitory control and rule-based category learning
(see Table 4)2. In the Flanker and Simon task the difference in mean reaction
time between correct responses on congruent and incongruent trials (i.e., a
difference score) was used as a measure of interference control. Only correct
responses to Flanker and Simon trials were used in the analysis because when
measuring inhibitory control, one is interested in measuring the ability to
properly inhibit a response. Larger difference scores were indicative of less
efficient interference control. The general finding being that reaction times are
longer on incongruent trials because of the additional attentional processing

____________
2

Scores on the three inhibition tasks were not collected for 2 young children and 3 adults
because they were absent during the second testing session. In addition, in the Flanker and
Simon task, outlier reaction time scores were removed (i.e., scores greater than 2 standard
deviations above the mean). This resulted in less than 3% of all trials being removed.
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Table 4: Correlations between average categorization performance and
executive functioning measures for younger children, older children, and adults.
________________________________________________________________
Average Categorization Performance
________________________________________________________________
Measure
Children (ages 4-7)
Children (ages 8-11)
Adults
_______________________________________________________________________________________________________________

Forward Digit Span
.35**
.11
.03
Backwards Digit Span
.43**
- .10
- .05
Flanker difference score
.14
- .28*
.06
Go/No-Go commission errors - .09
.13
- .20
Simon difference score
.06
- .05
- .02
________________________________________________________________
* p < .05.
** p < .01.

required to filter out the distracting information. Difference scores were used to
control for large individual differences in speed of responding. Without such a
subtraction, a high or low score could be attributed to the participant simply
being a slow or fast responder.

Flanker Task. The Flanker data of 8 younger children and 2 older
children were not analyzed due to high error rate (30% errors on trials). Of the 8
younger children removed from analysis, on average, 62% of the errors they
made were on incongruent trials. An analysis of variance revealed that there was
a significant difference in Flanker performance between the three age groups,
F (2, 134) = 12.70, p < .001. Adults (M = 57.04 ms, SD = 22.40) had
significantly lower Flanker difference scores than young children (M = 121.11
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ms, SD = 84.32) and older children (M = 125.91 ms, SD = 97.35) (p’s < . 001),
indicating that children had less efficient interference control than adults. There
was no significant difference in Flanker performance between younger children
and older children (p = .96)
As shown in Figure 10 and Table 4, Flanker performance correlated
significantly with average categorization performance in older children r (53) =
- .28, p = .02, but not in younger children, r (30) = .14, p = .23, and adults
r (52) = .06, p = .343. Modeling analysis confirmed this relationship by showing
that AIC fit to the frequency model (i.e., good categorization performance) was
associated with flanker performance, r (53) = .36, p = .004 (see Figure 11). This
relationship was not evident in younger children and adults.
A one-way ANOVA was conducted to examine Flanker performance
among the older children and adults whose categorization performance fell
within the top 20% (n = 12) of their age group. Results revealed no significant
difference in Flanker performance (i.e., reaction time difference scores) between
high-performing older children (M = 65.76 ms, SD = 45.16) and adult (M =
54.42 ms, SD = 17.63) rule-learners, F (1, 22) = .65, p = .43. This finding
indicates that older children classified as strong rule-learners could perform at a
similar level to adults on the Flanker task.
_____________
3

Correlation between [Incon.-Neutral] Flanker scores and categorization was marginally
significant in younger and older children (p = .05 and .07, respectively). The correlation
between Flanker errors and categorization was marginally significant in older children (p =
.05).
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Figure 10. Correlation between categorization performance and flanker scores.
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Figure 11. The correlation between flanker scores and AIC fit to the frequency
model in older children.

Go/No-Go Task. Adults (M = .46, SD = .80) made fewer commission
errors on the Go/No-Go task compared to older children (M = 1.54, SD = 1.30)
and younger children (M = 2.20, SD = 1.68), indicating that children had less
efficient response suppression than adults. As displayed in Table 4, Go/No-Go
commission errors did not correlate with average categorization performance in
any of the age groups. These results indicate the form of inhibitory control used
in the Go/No-Go task (i.e., response suppression) may not be associated with
rule-based category learning.
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Simon Task. The Simon data of 1 younger child and 2 older children
were not analyzed due to high error rate (30% errors on trials). Adults (M =
39.33 ms, SD = 32.87) had lower Simon difference scores than younger children
(M = 98.74 ms, SD = 96.22) and older children (M = 69.87 ms, SD = 50.68),
indicating interference control on the Simon task improved with age. Simon task
performance did not correlate with average categorization performance in any of
the age groups. Even though the Simon task taps into the same form of
inhibitory control as the Flanker task (i.e., interference control), task differences
may explain the non-significant correlation on the Simon task4.

Working Memory. Forward and backward digit span performance
correlated with average categorization performance in younger children, r(40) =
.35 for forward digit span and, r(40) = .43 for backward digit span, (p < .01 for
both tasks), but not in older children and adults (see Table 4). This result is
likely due to the fact that the digit span task is challenging enough to accurately
measure working memory capacity in younger children, but is not difficult
enough to display differences in performance among older children and adults
(i.e., there was a narrow range of digit span scores in older children and adults).

__________
4

Simon[Incon-Neutral] scores did correlate with categorization (p =.01) in adults.
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Discussion
Previous research has outlined age-related differences in rule-based
category learning but has yet to investigate the link between categorization
performance and inhibitory control in children. The current study examined
category learning, inhibitory control, and working memory in young children
(ages 4 to 7), middle-school children (ages 8 to 11), and adults. As predicted
there was developmental variance in the acquisition of rule-based category
knowledge, in that categorization performance improved with age. However,
when directly comparing older children and adults who identified the correct
rule-based strategy early on in the task, no performance deficit was found
between age groups. In other words, the best-performing older children learned
as well as the best-performing adults. Model-based analyses suggested that the
developmental differences in performance were due to young children’s general
inability to inhibit the salient, but incorrect rule during the categorization task. In
addition, findings showed that older children who performed well on the rulebased categorization task were also those who showed better inhibitory control
on the Flanker task. This finding did not hold true for younger children and
adults, most likely because during early childhood inhibition capacity is just
starting to develop and in adulthood inhibition capacity is fully developed.
Furthermore, the majority of young children could not solve the rule-based task
and the adults solved the task with no problem. Given the lack of variance in
categorization performance abilities among this age group, the relationship
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between inhibitory control ability and rule-based category learning could not be
fully explored.
Performance on the Go/No-Go task and Simon task was not associated
with rule-based performance in any age group, alluding to the possibility that
task differences and certain subtypes of inhibition (i.e., interference control)
may have a stronger relationship with category learning than others. Lastly,
younger children who solved the rule-based task were also those who showed
better working memory on the digit span task. This relationship did not hold true
for older children and adults, most likely due to the fact that the digit span task
was not challenging enough to detect differences in working memory capacity.
It is also possible that since the categorization stimuli used in the current study
varied in only two dimensions, the categorization task was not very taxing to
working memory. It may be that working memory effects would be found in
older children and adults if categorization stimuli consisted of multiple
dimensions.

Rule-Based Category Learning
Minda, Desroches, and Church (2008) found that children were able to
learn simple, single-dimensional rules at the same level as adults, but adults
outperformed children on categories that were optimally learned by a complex
rule. These results are consistent with the findings of the current study, which
involved a more complicated category set, in which the suboptimal rule was
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associated with a salient feature. In line with the findings of Minda et al., the
present study found that children struggled with rule-based category learning in
comparison to adults, with younger children showing the most difficulty in
acquiring the correct rule.
Additional support for the age-related differences in rule-based category
learning found in the current study comes from research investigating
categorization performance in young children (ages 4 to 6 years) and adults
when asked to learn five-dimensional categories (Minda, Miles, & Rabi,
submitted). Findings showed that adults tended to identify and use the correct
rule, whereas children were less likely to classify the stimuli according to the
correct rule, unless it corresponded to a perceptually salient feature. Similarly, in
the present study modeling analysis showed that many young children could not
learn the rule-based task because they allowed the salient, incorrect rule guide
their categorization judgments. Furthermore, these findings suggest that young
children can identify rules when they correspond to dimensions which most
capture attention. However, if identifying the rule requires hypothesis testing
and inhibitory control abilities that are not yet fully developed, young children
may rely on an imperfect rule to solve the task.
In addition to examining category learning in young children, research
has also been conducted looking at category learning in middle childhood.
Huang-Pollock and colleagues (2011) found that adults outperformed children
(ages 8 to 13) on a rule-based categorization task because children persistently
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allowed the irrelevant dimension to guide their categorization judgments. In
contrast, adults were able to inhibit the irrelevant dimension to their benefit. The
present findings are comparable to those of Huang-Pollock et al. because the
individual learning curve data from the current study illustrated that there was a
group of older children who struggled with finding the correct rule and relied on
the irrelevant dimension to make categorization judgments. Model-based
analysis confirmed this conclusion by showing that the frequency model (i.e.,
model fitting the use of the correct rule) better fit the data of adults, compared to
younger and older children. However, the present study revealed that even
though adults outperformed older children on the categorization task and learned
the task at a faster rate than older children, a large portion of 8 to 11-year-olds
were successful at finding the correct rule. Therefore, it appears that by middle
childhood the cognitive processes involved in rule-based category learning have
matured enough to allow for successful performance, however these processes
are not fully developed and so some older children may still struggle with the
task. This finding is consistent with the developmental literature that finds that
executive functioning abilities continue to develop across childhood because it is
not until late adolescence that the prefrontal cortex fully develops (Bunge &
Zelazo, 2006).
For those older children who performed well on the rule-based task, a
closer look at their individual performance profiles revealed an interesting
result. When the categorization performance of the top older children and the
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top adult rule learners (i.e., the 12 participants in each age group with the
highest average categorization performance) were compared, no significant
difference in rule learning was found. Furthermore, it appears that some older
children can learn rules as accurately and fast as adults, as long as they possess
the hypothesis testing skills needed to test rules and the inhibition capacity
required to inhibit suboptimal rules.
To confirm that age was not the driving factor behind why some older
children could learn the rule-based categories, yet others struggled, the
relationship between age and categorization performance within each group of
participants was examined. Results revealed that age was not associated with
categorization performance for both older children and adults. However, within
the younger age group, categorization performance did improve with age. These
results illustrate that in contrast to young children, older children and adults
possess the cognitive abilities needed to learn the rule-based task, independent
of age.
Even though executive functioning continues to mature with age, rapid
changes and developmental milestones occur early in childhood, making the
relationship between age and rule-based category learning more complex. Bunge
and Zelazo (2006) have shown that rapid changes in rule use occur between 2
and 5 years of age, reflecting the growth of the prefrontal cortex. By 3 years,
children can represent a pair of rules, but they have difficulty switching between
two incompatible pairs of rules on the Dimensional Change Card Sort task. The
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marked improvements in rule use during early childhood may explain why the
present study found improvements in categorization with age in younger
children.

Category Learning & Inhibitory Control
In an effort to identify what separates strong rule-based learners from
weak rule-based learners, inhibitory control performance was measured. Given
the fact that rule-based category learning involves the ability to inhibit one rule
in favor of another, it was predicted that children and adults who performed well
on the categorization task would also be those who exhibited strong inhibitory
control abilities on the three inhibition tasks.
Beginning with the Flanker task, adults displayed better interference
control (i.e., lower difference scores) than both younger children and older
children. This indicates that it, in comparison to adults, it took children longer to
make responses on incongruent trials. Older children and younger children had
similar Flanker difference scores, however, this was most likely due to the fact
that eight young children were removed from analysis due to high error rate. A
closer look at these eight children revealed that the majority of their Flanker
errors occurred on incongruent trials, indicating that they had poor inhibitory
control.
Predictions were partially supported in that Flanker task performance
was associated with average categorization performance in older children, but
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this relationship did not hold true for younger children and adults. For the
younger age group, average categorization performance was just above chance,
indicating that the majority of young children were unsuccessful at learning the
rule-based categorization task. Since there was minimal variability in
categorization performance among the younger age group (i.e., only 4 out of 42
children had an average categorization performance above 70%), the
relationship between category learning and inhibitory control could not truly be
explored in the younger age group. At the other end of the age spectrum, the
opposite situation holds true. There was no relationship between average
categorization performance and Flanker scores in adults, most likely because the
majority of adults solved the categorization task with no difficulty and as such
there was a limited range of performance. Additionally, by adulthood, inhibitory
abilities have matured, as evidenced by the narrow range of Flanker scores in
adults. Given the lack of variance in both categorization and Flanker scores
among adults, it is understandable that the relationship was not significant.
Of particular interest is the Flanker performance of older children
because the variability in categorization performance among this age group
allowed for a closer look at the rule-learning/inhibitory control relationship.
Result revealed that older children who performed well on the rule-based task
were also those who displayed good Flanker performance (i.e., similar reaction
times on both congruent and incongruent trials). In addition, modeling analysis
confirmed this relationship by showing that older children who were best fit by
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the frequency model were also those who displayed the best Flanker
performance. Put another way, older children who struggled with identifying the
correct rule during the categorization task and were not fit well to the frequency
model were also more likely to struggle with inhibiting responses on the Flanker
task.
Go/No-Go performance and Simon task performance improved with age,
indicating that inhibitory control tends to improve with age. In contrast to the
predictions of this study, performance on the Go/No-Go task and Simon task
were not associated with rule-based performance in any age group. These
findings may be explained by examining differences in the inhibition tasks and
by exploring the relationship between certain subtypes of inhibition (i.e.,
responses suppression and interference control) and rule-based category
learning. In support of these findings, Maddox et al. (2010) gave older adults
two types of inhibition tasks to complete (i.e., the Stroop task and the Wisconsin
Card Sort task). Only Stroop performance was associated with rule-based
performance. Furthermore, the Stroop task measures the subtype of inhibitory
control known as interference control, and so it is possible that inhibition tasks
measuring interference control may be more related to rule-based learning than
tasks measuring response suppression.
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Neural Mechanisms Involved in Inhibitory Control
It is useful to investigate the brain regions involved in inhibitory control
and category learning in order to better explain the relationship between rulebased category learning and inhibition capacity in children and adults. Bunge,
Dudukovic, Thomason, Vaidya, and Gabrieli (2002) used fMRI to identify
developmental changes in brain activation related to performance on inhibitory
control tasks in children ages 8-12 and adults. Results revealed that children
were more susceptible to interference and less able to inhibit inappropriate
response than were adults. As well, children failed to activate a region in the
right ventrolateral prefrontal cortex that was recruited for the inhibitory control
tasks by adults. Adleman et al, (2002) also found that in the Stroop task, parietal
lobe activation reached adult levels by adolescence, but prefrontal cortex
activation continued to develop in this period. Such findings might help to
explain why there was so much variance in performance on the categorization
and Flanker task in older children. Furthermore, older children, who failed to
learn the rule based task and struggled with the Flanker task, may have been
performing in this manner because they failed to activate regions in the
prefrontal cortex that are necessary for proper inhibitory control.
Additional evidence for this claim comes from lesion studies showing
that prefrontal lesions in adults and nonhuman primates lead to impairments in
inhibitory control (Luria, 1966; Miller and Cohen, 2001). With reference to rulebased category learning, Schnyer, Maddox, Ell, Davis, Pacheco, and Verfaellie
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(2009) examined categorization performance in patients with prefrontal lesions.
Findings showed that prefrontal patients were impaired at rule-based
categorization and showed impaired inhibition as measured by the Wisconsin
Card Sort task. Based on these findings it seems reasonable to suggest that
prefrontal cortical changes associated with development might be responsible
for rule-based category learning deficits.
Bunge and Zelazo (2006) developed a brain-based account of rule use in
childhood to account for past findings. They state that the developmental
changes in rule use reflect the rate of development of the prefrontal cortex. As
well, Bunge and Zelazo report that age-related improvements in rule use follow
a set pattern: children use a single rule to switching between two rules to
switching between two incompatible pairs of rules. These increasingly complex
hierarchies of rules are accompanied by greater involvement of the prefrontal
cortex. Furthermore, since the prefrontal cortex develops later than other areas
and has been implicated in inhibitory control, it follows that maturation of this
brain area may be a limiting factor in the performance on rule-based
categorization tasks.

Subtypes of Inhibitory Control
Given the finding that the prefrontal cortex has been implicated in both
inhibitory control and rule-based learning, it is important to determine the
specific neural regions involved in each of the subtypes of inhibitory control to
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determine whether one type of inhibition is more related to category learning
than another type. A distinction has consistently been made in the literature
between response suppression (i.e., the ability to inhibit a dominant or prepotent
response) and interference control (i.e., the ability to inhibit a response to
competing, irrelevant information) (Wolfe & Bell, 2004; Barkley, 1997). Nigg
(2000) proposed that the two subtypes of inhibitory control might be mediated
by different neural circuits. For response suppression, learning is mediated by a
circuit that includes the lateral and orbital prefrontal cortex and the premotor
cortex. Support for this proposal comes from research showing that the lateral
orbital prefrontal cortex and its associated subcortical structures have been
shown to play a role in Go/No-Go response deficits in children with ADHD
(Casey et al., 1997). Whereas for interference control, learning is mediated by a
circuit

that

includes

the

anterior

cingulate,

dorsolateral

prefrontal

cortex/premotor cortex, and the basal ganglia. Cabeza and Nyberg (1997) have
shown that Stroop responding in adults activates the dorsolateral prefrontal
cortex and appears to depend even more heavily on the anterior cingulate gyrus.
Interestingly, the neural circuit involved in rule-based category learning
appears to closely resemble the neural circuit involved in interference control
but not response suppression. Rule-based learning has been shown to be
mediated by a circuit that includes not only the prefrontal cortex, but the anterior
cingulate, and the head of the caudate nucleus as well (Ashby et al., 1998;
Ashby & Waldron, 1999; Ashby & Ell, 2001). Additionally, Kolb and Whishaw
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(1990) have shown that the basal ganglia is also involved in rule-based category
learning, as evidenced by the fact that individuals with basal ganglia dysfunction
are impaired in rule-based tasks. The fact that tasks involving rule-based
category learning and interference control activate similar brain regions helps to
explain the relationship found between category learning and inhibitory control.
More specifically, results from the present study showed that rule-based learning
was related to Flanker performance (i.e., a measure of interference control) but
not Go/No-go performance (i.e., a measure of response suppression) in older
children.

Sources of Variability across Tasks
While Flanker task results suggest that interference control may be
related to rule-based category learning, the current study found no relationship
between Simon task scores (i.e., another measure of interference control) and
categorization performance. Furthermore, it is possible that task differences may
help to explain the complex relationship between category learning and
inhibitory control. At first glance, the Flanker task and Simon task appear to
measure the same underlying construct, the ability to select the appropriate
response from a set of response alternatives. Even though these two tasks make
use of similar cognitive processes and are supported by similar brain regions,
they differ in their information processing architecture. Stins, Polderman,
Boomsma, and de Geus (2007) point out that one key difference concerns the
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nature of the attentional movements in both tasks. In the Flanker task, attention
has to focus on the target, essentially narrowing in attention from a higher-order
to a lower-order level of representation. In contrast, in the Simon task, attention
has to make a same-level shift to the target stimulus. A second key difference is
that in the Flanker task, the flow of information proceeds along the same
channel, whereas stimulus features are processed along separate channels in the
Simon task (task features belong to different perceptual dimensions, i.e., colour
and location). Based on these tasks differences, it appears that the Flanker task
may share more similarities with the categorization task than the Simon task.
This may be the case because the rule-based task involves categorizing patterns
that vary in line frequency and orientation and the flow of information appears
to proceed along the same channel.
Additional support for the claim that the Flanker task and Simon task
involve different cognitive operations comes from research by Salthouse,
Siedlecki, and Krueger (2006) showing that several indices of interference
control were not related to one another. Along the same lines, Stins, Polderman,
Boomsma, and de Geus (2005) found that the amount of interference (i.e., the
sizes of the Stroop, Simon, and Flanker effects) were uncorrelated. Stins et al.
proposed that the Flanker and Simon task may make use of similar, but not quite
identical, cortical regions or cognitive resources.
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Category Learning & Working Memory
In partial support of predictions, categorization performance was
associated with working memory in younger children, however this relationship
did not hold true for older children and adults. Younger children who solved the
rule-based task were also those who showed better working memory on the digit
span task. This finding is supported by research showing that individuals with
high working memory capacity are faster and better at learning rule-based
categories than individuals with low working memory capacity (DeCaro,
Thomas, and Beilock, 2008). It is possible that older children and adults failed to
show this relationship because the digit span task was not challenging enough to
detect differences in working memory capacity.

Limitations & Future Directions
Results of the present study revealed that the majority of young children
struggled with the categorization task. With so few children learning the task it
becomes difficult to explore the differences between rule-learners and non-rulelearners. If this study were to be replicated, it would be useful to include more
trials in the categorization task in order to get a better idea of performance
capabilities. It is possible that if provided with enough trials to complete,
younger children may have been able to solve the task. Given the limited
attention span of young children, only a limited number of trials could be used
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in the present study. In the future, it may be advantageous to break up the
categorization task into multiple testing sessions.
As an alternative to employing a longer version of the categorization task
used in the present study, future research might also benefit from using a
different type of categorization task. Minda and colleagues (2008) used a rulebased category set created by Shepard, Hovland, and Jenkins (1961) in their
study, and results showed that young children could learn the categories. In the
single-dimensional category set used, perfect performance could be attained by
the formation of a straightforward verbal rule (e.g., if black then Category 1).
Young children were able to learn this category set because the rule was simple,
easy to describe, and directly related to perception. If the present study was
replicated using the Shepard, Hovland, and Jenkins (1961) category set, it is
predicted that young children who performed well on the task would also be
those who displayed strong inhibitory control skills.
To further understand the role of hypothesis testing in rule-based
category learning, it would be useful to further investigate hypothesis testing
abilities in young children. Since young children in the current study struggled
with identifying the correct rule in the categorization task, future research could
examine whether categorization performance would improve if young children
were first asked to verbally describe all dimensions of the categorization stimuli
before they began the actual task. It is predicted that this type of study design
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will assist the young children with hypothesis testing and improve overall
performance on the categorization task.
In order to accommodate the cognitive capabilities of young children,
certain types of inhibition tasks were chosen for the present study. Future
research may benefit from using different types of inhibition tasks, like the
Stroop task, to examine whether certain forms of inhibitory control are more
related to rule-based category learning than others. Lastly, the current study
consisted of young children (ages 4 to 7), middle-school children (ages 8 to 11)
and adults (ages 18+). In order to fully explore the nature of the trajectory from
child-like learning to adult-like learning, it would be useful for future research
to investigate the relationship between category learning and executive
functioning in adolescents (ages 12 to 17).

Conclusions
The current study examined rule-based category learning in early
childhood,

middle

childhood,

and

adulthood.

Results

revealed

that

categorization performance improved with age. More specifically, most young
children struggled with the rule-based task and could not learn the rule. In
contrast, there was a lot of variability in the performance of older children, with
a large portion of children showing evidence of category learning. Lastly, the
majority of adults learned the category set very quickly, showing little difficulty
in identifying the correct rule. A comparison of older children and adults who
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performed well on the categorization task revealed that no performance deficit
was found between groups. This shows that by middle childhood, children can
learn rules as accurately and quickly as adults, as long as they posses the
hypothesis testing skills needed to test rules and the inhibition capacity required
to inhibit suboptimal rules. Model-based analyses confirmed that the
developmental differences in performance were due to children’s greater
difficulty in inhibiting the salient, but incorrect rule during the categorization
task compared to adults.
Additionally, findings revealed that older children who struggled with
the rule-based categorization task were also those who showed weaker
inhibitory control on the Flanker task. This relationship was not found in
younger children and adults, most likely because there was limited variance in
the categorization performance abilities of young children and adults and so the
true relationship between inhibitory control ability and rule-based category
learning could not be fully explored. Performance on the Go/No-Go task and
Simon task were not associated with rule-based performance in any age group,
suggesting that task differences and certain subtypes of inhibition (i.e.,
interference control) may have a stronger relationship with category learning
than others. Lastly, findings revealed that strong categorization performance was
associated with a larger working memory capacity in young children, but not in
older children and adults. All together, the current study has mapped the
performance of typically developing children and adults and has highlighted the
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complex relationship between rule-based category learning and executive
functioning.
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